Introduction
============

Eating qualities for both cooked rice and waxy rice cakes are the most important traits for rice breeding in Japan. The overall eating quality of cooked rice is assessed by sensory tests, in which appearance, taste, aroma, stickiness and hardness of breeding lines are compared with those of a standard variety ([@b11-63_489], [@b22-63_489]). The overall eating quality of rice cakes is also assessed by the sensory test of appearance, whiteness, hardness, stickiness, stretchiness, taste and texture ([@b7-63_489]). Although the sensory test is the most reliable test among the methods for evaluation of eating quality, it requires a large amount of samples, many panelists and a long time ([@b9-63_489], [@b21-63_489]). Therefore, a method for evaluation of the eating quality of cooked rice and rice cakes which enables examination of many samples within a short time without use of panelists is required.

Since gloss, stickiness and taste contribute largely to the overall judgment of cooked rice ([@b12-63_489], [@b15-63_489]), studies on Mido Meter related to the gloss of cooked rice ([@b16-63_489]), contents of amylose ([@b13-63_489], [@b15-63_489]) and protein ([@b4-63_489]) responsible for stickiness and contents of sugar ([@b2-63_489], [@b6-63_489]) and amino acids ([@b5-63_489], [@b19-63_489], [@b20-63_489]) involved in taste have been performed. Genetic analyses of these traits have also been carried out for development of novel DNA maker-assisted selection techniques ([@b8-63_489], [@b17-63_489], [@b21-63_489]). Although for parboiled rice, an evaluation method of whiteness, which is an important factor in the appearance ([@b10-63_489]), has been studied, methods to evaluate whiteness for selection of breeding lines have not been developed. There are devices by which whiteness of brown rice and white rice without cooking can be analyzed, e.g., Rice Whiteness Tester (Kett, C-300), but no device for the measurement of the whiteness of cooked rice. Similarly in rice cakes, the whiteness has not been studied, although the chain length of amylopectin, which is responsible for hardenability, has been intensively studied ([@b1-63_489]).

In the present study, the possibility of objective evaluation of the whiteness of cooked rice and rice cakes using a portable spectrophotometer was examined. The Mido values obtained by Mido Meter and the whiteness values were compared and a measuring method without rice cooking was tested. Factors influencing the whiteness of cooked rice are discussed. In this paper, "whiteness" is used as a general term, "whiteness score" indicates whiteness rated by a sensory test and "WI value" indicates whiteness measured by a spectrophotometer.

Materials and Methods
=====================

Preparation of cooked rice and rice cakes
-----------------------------------------

Grains of rice (*Oryza sativa* L.) harvested in the Rice Breeding and Crop Science Experiment Station of the Yamagata Integrated Agricultural Research Center from 2010 to 2012 were used. Eleven non-glutinous cultivars that can be cultivated in Yamagata Prefecture, i.e., 'Hananomai', 'Satonoyuki', 'Akitakomachi', 'Domannaka', 'Sasanishiki', 'Hitomebore', 'Haenuki', 'Koshihikari', 'Tsuyahime', 'Koshinokaori' and 'Fukuhibiki' and some lines under breeding programs ([Supplemental Table 1](#s2-63_489){ref-type="supplementary-material"}) were examined with 'Haenuki' and 'Tsuyahime' produced separately as a standard cultivar and a reference cultivar, respectively. Four glutinous cultivars, i.e., 'Himenomochi', 'Koyukimochi', 'Dewakomochi' and 'Koganemochi' and some breeding lines ([Supplemental Table 1](#s2-63_489){ref-type="supplementary-material"}) were tested with 'Himenomochi' produced separately as a standard cultivar. Seeds were sown in the second decade of April and plants were transplanted to a paddy field at 22.2 planting positions/m^2^ with five plants per position in the second decade of May. Fertilizer was 0.7 Nkg/a, but only for 'Akitakomachi' and 'Hitomebore' cultivated in 2010, a plot with 0.9 Nkg/a was added. Grains were harvested from 96 or 128 plants in the period of maturity from the end of August to the beginning of October, when accumulated temperature from the heading date became 950--1,100ºC. Brown rice grains smaller than 1.9 mm in non-glutinous rice and 1.8 mm in glutinous rice were removed by sieves.

The brown rice grains were polished by a rice-polishing machine (Yamamoto Seisakusho, VP-30T) to make white rice weighing 90% of the weight of brown rice. Using grains of 'Haenuki' harvested in 2010, white rice grains weighing 88%, 89%, 90%, 91% and 92% of the weight of brown rice were also prepared. Water weighing 1.33 times (w/w) the weight of white rice was added to 350 g white rice of non-glutinous cultivars and kept for 1 h. The rice was cooked using an electric rice cooker (Toshiba Co. Ltd., RCK-5DG). After being switched off, the rice cooker was kept for 10 min to steam the boiled rice and stirred with a rice scoop. Some cooked rice (20--30 g) was placed in a sealed glass Petri dish and the rest was subjected to sensory tests.

Using 1 kg white rice of glutinous cultivars, rice cakes were prepared by an electric rice cake maker (Toshiba, AFC-10F). After pounding steamed rice, a hot rice cake was extended to make it 10 mm thick, hardened at 5ºC for 24 h and cut into a 27 × 27-mm square. Three pieces of rice cake were used for measurement of whiteness. Other pieces of the rice cake were subjected to sensory tests after both sides were heated by a hot plate (Toshiba, HGM-3SB) at 200ºC for 2.5 min, avoiding burnt deposits.

The sensory tests were performed by 16--24 panelists of the Rice Breeding and Crop Science Experiment Station. In the tests of cooked non-glutinous rice, appearance, glossiness, whiteness, aroma, taste, stickiness, hardness and overall judgment were evaluated. For rice cakes, appearance, whiteness, taste, stretchiness, texture, hardness and overall judgment were scored. Whiteness scores from −3 to +3 given by all the panelists were averaged. Scores of whiteness were as follows: +3, much whiter; +2, moderately whiter; +1 slightly whiter; 0, comparable to the standard; −1, slightly less white; −2, moderately less white; −3, extremely less white. The whiteness scores of 'Haenuki' and 'Tsuyahime' were set at 0 and +1, respectively and the score for rice cakes made from 'Himenomochi' was set at 0 and the same scale as that for cooked rice was applied to scoring of rice cakes.

Measurement by a spectrophotometer
----------------------------------

Using a portable spectrophotometer (Konica Minolta, CM-600D), whiteness was measured. The mode of measurement was SCE (specular component excluded) and values of whiteness were colorimetric data of whiteness index (WI) value (ASTM E313-73). For some samples, reflectance values of light from 400 nm to 700 nm with wavelength pitch of 10 nm were measured and values of L\*, a\* and b\* were calculated.

The cooked rice in a sealed glass Petri dish was kept at 20ºC for 2 h and 8 g of cooked rice was formed into a cylindrical shape with a diameter of 32 mm and a height of 9 mm. Three cylinders were prepared and the WI values at the center of both sides of the cylinders were measured. In rice samples after measurement of Mido values by a Mido Meter (TOYO, MA-90A), an accessory ring of the Mido Meter was carefully removed to maintain the cylindrical shape and the rice cylinder was cooled for 10 min. The WI values of three points of both the top and bottom surfaces of the cylinder were measured and averaged. The WI values of rice cakes were measured at the center of the top and bottom surfaces, not the cut sections and the values of three samples were averaged.

Contents of protein and amylose
-------------------------------

Protein content of white rice was measured by far-red light transmission using a grain analyzer (Shizuoka Seiki, AG-RD). Amylose content was analyzed by AutoAnalyzer II (Bran + Luebbe, AutoAnalyzer II) using iodine colorimetric determination after milling of white rice by a test mill (Brabender, 279002) and obtained values were converted to values of samples having 15% water content.

Results
=======

Comparison of values obtained by a portable spectrophotometer and those by a sensory test
-----------------------------------------------------------------------------------------

The whiteness scores of cooked rice by the sensory test increased from −1.50 to 0.94 following a decrease of rice-polishing rates from 92% to 88%. The WI values also showed increase from 25.4 (92%) to 38.6 (89%). A highly significant positive correlation, the correlation coefficient, r, being 0.97, was observed between the WI values of cooked rice samples with the cylindrical shape and the whiteness scores of the sensory test ([Supplemental Fig. 1](#s1-63_489){ref-type="supplementary-material"}). In analysis of different cultivars, the WI values in 2010 ranged from 30.6 for 'Satonoyuki' to 41.6 for 'Koshinokaori' ([Fig. 1](#f1-63_489){ref-type="fig"}). 'Tsuyahime' showed the second highest WI value, i.e., 41.0, followed by 'Koshihikari', i.e., 39.2 ([Fig. 1](#f1-63_489){ref-type="fig"}). The whiteness scores of these cultivars evaluated by the sensory test ranged from −0.46 for 'Akitakomachi' to 1.29 for 'Koshinokaori' and a significant correlation (r = 0.84) between the whiteness scores of the sensory test and the WI values was observed ([Fig. 2](#f2-63_489){ref-type="fig"}). The whiteness scores evaluated in 2011 by the sensory test were from −0.38 for 'Satonoyuki' to 0.70 for 'Tsuyahime' and the WI values ranged from 31.7 for 'Satonoyuki' to 40.0 for 'Tsuyahime'. There was also a significant correlation (r = 0.71) between the whiteness scores of the sensory test and the WI values ([Supplemental Fig. 2](#s1-63_489){ref-type="supplementary-material"}). In the analysis of whiteness in 2012, breeding lines were also investigated together with the cultivars. A significant correlation between the sensory test scores (−0.80 to 0.65) and the WI values (31.8 to 41.6) was again detected (r = 0.73) ([Supplemental Fig. 3](#s1-63_489){ref-type="supplementary-material"}).

The WI values of the samples of the Mido Meter ranged from 8.5 for 'Akitakomachi' to 23.7 for 'Koshinokaori' in the analysis of 2010 and showed a significantly high correlation (r = 0.88) with the whiteness scores by the sensory test ([Fig. 3](#f3-63_489){ref-type="fig"}). Mido values ranging from 39 for 'Koshinokaori' to 82 for 'Tsuyahime' and 'Hitomebore' had no correlation with the WI values ([Supplemental Fig. 4](#s1-63_489){ref-type="supplementary-material"}) and the whiteness scores by the sensory test ([Fig. 4](#f4-63_489){ref-type="fig"}). In the samples of 2012 including the breeding lines, the WI values of the Mido Meter samples were from 11.7 to 22.6 with a significant correlation with the whiteness scores (r = 0.62) ([Supplemental Fig. 5](#s1-63_489){ref-type="supplementary-material"}).

The whiteness scores of rice cakes by the sensory test ranged from 0.38 to 0.79 in 2010. The WI values, being 18.2 to 24.9, exhibited a significantly high correlation (r = 0.66) with the whiteness scores of the sensory test ([Supplemental Fig. 6](#s1-63_489){ref-type="supplementary-material"}). Investigation in 2011 also showed a significant correlation (r = 0.67) between the whiteness scores of the sensory test from −0.45 to 0.80 and the WI values from 18.6 to 25.1 ([Supplemental Fig. 7](#s1-63_489){ref-type="supplementary-material"}). The WI values of 'Koyukimochi' and 'Dewakomochi', being 25.0 and 25.5, respectively, in 2012, were higher than the standard varieties, i.e., 'Himenomochi' and 'Koganemochi', the WI values of which were 22.2 and 22.1, respectively ([Fig. 5](#f5-63_489){ref-type="fig"}). The WI values in 2012 again showed significantly high correlation (r = 0.87) with the whiteness scores ranging from −0.13 to 0.50 ([Supplemental Fig. 8](#s1-63_489){ref-type="supplementary-material"}).

Reflectance values and L\*, a\*, b\* of samples having the different WI values
------------------------------------------------------------------------------

The average WI value of 'Tsuyahime' was 41.0, being higher than 34.8 of 'Haenuki' and 37.9 of 'Koshihikari'. In 'Tsuyahime', reflectance values of 400--550 nm were 2% higher than those of 'Haenuki' and 'Koshihikari'. At 550-- 700 nm, reflectance values of 'Koshihikari' were 1% lower than those of 'Haenuki' and 'Tsuyahime' ([Fig. 6](#f6-63_489){ref-type="fig"}). While there was no difference in L\* and a\* between the three varieties, b\* of 'Tsuyahime', being 0.9, was the lowest, followed by 1.5 of 'Koshihikari' and 2.6 of 'Haenuki' ([Table 1](#t1-63_489){ref-type="table"}).

Relationship of whiteness with the contents of amylose and protein
------------------------------------------------------------------

Amylose contents ranged from 9.9 to 20.9%. There was a significant positive correlation (r = 0.31) between the amylose contents and the WI values ranging from 31.8 to 41.6 ([Supplemental Fig. 9](#s1-63_489){ref-type="supplementary-material"}). However, removal of two cultivars having amylose contents lower than 15% made that correlation nonsignificant (r = −0.13). Protein contents were from 5.9% to 7.2%. A significant negative correlation (r = −0.33) was observed between protein contents and the WI values. Especially, samples having protein contents more than 6.5% showed a tendency to have lower whiteness ([Supplemental Fig. 10](#s1-63_489){ref-type="supplementary-material"}).

Discussion
==========

Evaluation of whiteness using a portable spectrophotometer
----------------------------------------------------------

There were high positive correlations between the WI values of cylindrically shaped cooked rice samples and the whiteness scores of the sensory test of different cultivars and different rice-polishing rates, indicating that the sensory test can be replaced with the measurement of whiteness using a portable spectrophotometer. The portable spectrophotometer may become a novel measurement device for evaluation of rice eating quality. The Mido Meter is a device for measuring the appearance of rice. This device quantifies the depth of the water retention membrane on the surface of cooked rice to measure the gloss of cooked rice. The present study was performed to evaluate the whiteness of cooked rice using two devices, a portable spectrophotometer and a Mido meter. There was a significant correlation (r = 0.84, 2010) between the whiteness scores in the sensory evaluation and WI of the cooked rice, which was an important factor relating to rice eating quality. In addition, it was higher than the correlation between Mido value and the sensory evaluation (r = −0.26, 2010). The results indicate that WI evaluation during Mido analysis is useful for prediction of whiteness of cooked rice. The portable spectrophotometer may be a novel device for efficient determination of rice eating quality.

Cooked rice samples having the high WI values showed high b\* values. Reflectance values of blue light at 450-- 500 nm in wavelength were high and those of yellow light at 600 nm in wavelength were low in these samples. These results suggest that reflectance of blue light and yellow light is highly related to the whiteness of cooked rice.

The high positive correlation between the WI values of the samples prepared for the Mido Meter and the whiteness scores by the sensory test observed in the present study indicates that gelatinization of only the surface of rice grains is sufficient for evaluation of the whiteness of cooked rice. However, the correlation coefficient of the data obtained in 2012 was lower than those between the WI values of cooked rice samples and the scores of the sensory test, indicating that measurement of the WI values of cooked rice is more reliable for evaluation of the whiteness.

Similarly to the results of cooked rice, evaluation of the whiteness of rice cakes was also found to be possible by using a portable spectrophotometer. The method adopted for preparation of rice cakes in the present study requires 1 kg of glutinous rice. However, the method reported by [@b3-63_489] enables preparation of rice cakes from a small amount of glutinous rice and may contribute to improving the efficiency in breeding of glutinous cultivars.

Varietal difference of whiteness
--------------------------------

The WI values of 'Koshinokaori', 'Tsuyahime' and 'Koshihikari' were high, while that of 'Satonoyuki' was low. One possible explanation of the low whiteness of 'Satonoyuki' is its low content of amylose, which is 7--14% ([@b18-63_489]). 'Satonoyuki' has *Wx-y*, which is an allele of *Wx* causing low amylose content. A breeding line having the *Wx-y* allele tested in 2012, the amylose content of which was 9.9%, also showed low whiteness. 'Koshinokaori', which has a high amylose content ([@b14-63_489]), showed the highest WI value among the cultivars tested in 2010. These results suggest that amylose contents influence the whiteness of cooked rice.

High whiteness of 'Tsuyahime' and 'Hananomai', which have amylose contents comparable to those of other cultivars, may be due to other factors. Although protein contents had negative correlation with whiteness, protein contents of 'Tsuyahime' (6.4%) and 'Hananomai' (6.6%) were comparable to those of other cultivars, indicating that protein contents are also not a cause of the high whiteness of these cultivars. Since different rice-polishing rates largely affect whiteness, the thickness of the aleurone layer might be responsible for the high whiteness in these cultivars.

Differences were observed in the WI values and the whiteness scores of rice cakes made from different cultivars. Since amylose contents of these glutinous cultivars were 0%, the difference of whiteness is due to other factors. Protein contents and the thickness of the aleurone layer may have some effect on the whiteness of rice cakes. However, further analysis is required for elucidation of the causes of varietal differences of the whiteness.
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###### 

The WI values and L\*a\*b\* values of cylindrically shaped cooked rice samples having different whiteness scores^a^

  Cultivar      WI           L\*             a\*             b\*
  ------------- ------------ --------------- --------------- --------------
  Haenuki       34.8 ± 2.5   71.1^a^ ± 0.5   −2.6^a^ ± 0.1   2.6^a^ ± 0.8
  Tsuyahime     41.0 ± 1.9   71.6^a^ ± 0.7   −2.6^a^ ± 0.1   0.9^b^ ± 0.4
  Koshihikari   37.9 ± 3.0   70.7^a^ ± 1.2   −2.7^a^ ± 0.1   1.5^b^ ± 0.5

Values in the table are means ± standard deviation.

Means with the same letter are not significantly different from each other (Tukey test, P \< 0.05).
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